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The spectroscopic pump-probe reflectance method was
used to investigate recombination dynamics in samples
of nano crystalline silicon embedded in a matrix of hy-
drogenated amorphous silicon. We found that the dy-
namics can be described by a rate equation including
linear and quadratic terms corresponding to recombina-
tion processes associated with impurities and impurity-
assisted Auger ionisation, respectively. We determined
the values of the recombination coefficients using the
initial concentrations method. We report the coeffi-
cients of 1.5×1011 sec−1 and 1.1 × 10−10 cm3sec−1 for
the impurity-assisted recombination and Auger ioniza-
tion, respectively. © 2015 Optical Society of America
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In recent decades, nanocrytalline silicon embedded in hydro-
genated amorphous silicon (nc-Si:H) has attracted considerable
attention, because of its capacity to improve and extend the
capabilities of traditional silicon electronic, optoelectronic, and
photonic devices[1]. For example, reports exist on the develop-
ment of solar cells[2, 3], memory devices[4], and transistors[5].
On the other hand, it has been determined that parasitic effects
such as free-carrier absorption and fast non-radiative recombina-
tion occur in nanocrystalline Si embedded in a matrix material;
these effects severely limit the device efficiency[6]. It has been
shown that the recombination and relaxation processes, espe-
cially at high carrier concentration, are enhanced and occur at
a faster rate[7–9] than in bulk silicon[11, 12]. Further, the main
recombination process in highly doped or injected bulk silicon,
with a carrier concentration of 1018 cm−3 or higher, was quan-
tified and demonstrated to be of Auger type[13, 14]. It has also
been demonstrated that the recombination time in silicon has
a predominant quadratic dependence on the carrier concentra-
tion and proceeds with an Auger coefficient of approximately
10−31cm6s−1[13]. For comparison, the carrier population decay
in amorphous hydrogenated silicon is a more complex bimodal
process consisting of fast and slow components of different ori-
gins. The former corresponds to electron-hole recombination
and trapping, while the latter is related to intraband migra-
tion of the trapped charges and their recombination with ther-
mally emitted free carriers, with corresponding rate constants of
2.3× 10−8 and 6× 10−9 cm3s−1[15], respectively.
In this work we attempted to quantify the recombination co-
efficients in samples comprising nanocrystalline silicon embed-
ded in a hydrogenated amorphous silicon matrix. Specifically,
we investigated the carrier population decay dynamics using
femtosecond (fs) pump-probe spectroscopic reflectance measure-
ments. The decay process dynamics for the initial photo-excited
carrier concentration were investigated over a timespan of 20
ps in the range of initial concentration between 2× 1019 and
9× 1019 cm−3. We found that, in this regime and timespan, the
decay is best described by a kinetic rate model involving linear
and quadratic terms corresponding to the recombination of a
free carrier with a deep-level traps, and band-to-band recombi-
nation simultaneous with neutral impurity ionisation (Auger
ionisation), respectively. To quantify the related coefficients
we analysed the carrier decay curves by use of the initial car-
rier concentration method which is widely used in chemistry
to determine reaction rate[16, 17]. We found that the carrier-
impurity recombination occurs with a rate of 1.5×1011 sec−1,
while the coefficient of Auger ionization was determined to be
1.1× 10−10 cm3sec−1.
For the measurements we used a Coherent laser system incor-
porated in the fs pump-probe setup, which can deliver 50− f s
pulses with a epetition rate of 1 kHz. The laser pulse had an
almost Gaussian-shaped spectrum centered around 795 nm with
a bandwidth of 60 nm. A beam splitter was used to split the
laser into two parts, namely, the pump and probe beams. The
power ratio between the pump and probe was more than 100:1.
A retroreflector delay stage was used to control the difference
between the arrival times of the pump and probe pulses. A com-
bination of a half wave plate and Brewster angle reflection from
a glass block was used to adjust the pump fluence in the range
between 0.14 mJ/cm2 to 2.29 mJ/cm2. The incident angles of
the probe and pump beams were set to 70◦ and 50◦, respectively.
A non-collinear configuration was used to avoid the interference
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in time domain.The polarization of the probe beam was adjusted
to yield equal contributions of s− and p−components, while
the pump beam was orthogonally polarized with respect to the
probe beam to prevent interference. The diameters of the beam
spots were 300µm and 50µm for the pump and probe, respec-
tively. The spatial overlap of the beams on the surface of the
samples was imaged and adjusted with the help of a microscope.
The temporary overlap was confirmed by the generation of a sec-
ond harmonic through a thin barium borate (BBO) crystal. The
reflected probe beam was wavelength-analyzed by an Ocean
Optics QE65 Pro spectrometer. The detected data is presented
here as ∆R/R0, where R0 is the reflectance of the sample without
pumping and ∆R is the absolute change of the reflectance in-
duced by the pump excitation. More details of the pump-probe
setup and measurements can be found elsewhere[8–10].
The nc-Si:H samples used in this study were provided by Sir-
ica DC (Israel). The samples consisted of a ∼480 nm thick film
of nanocrystalline silicon embedded in a hydrogenated amor-
phous silicon film grown on a ∼ 200 nm silicon dioxide layer
on a crystalline silicon substrate.The specifics of the film growth
method are similar to those described elsewhere[18]. We charac-
terized the samples by means of Raman spectroscopy[19] and
X-ray diffraction analysis[20–22]. This analysis, which has been
published elsewhere[23], suggests that approximately 35% of the
volume fraction is occupied by silicon nanocrystals with a mean
diameter of 〈a〉 = 6 nm, having a rather broad size distribution
extending between 3 and 10 nm. A commercial ellipsometer was
used to characterize the effective complex dielectric function,
e0e f f , of the film which drops monotonically from 12.25 to 11.8
and from 0.05 to 0.02, for the real and imaginary parts, respec-
tively, for the spectrum region spanning between 760 nm and
820 nm[9].
Fig. 1. Spectroscopic pump-probe reflectance change, ∆R/R0,
measured for different pump fluencies (top). Theoretical simu-
lation (bottom).
The top panel of Figure 1 shows the typical experimental
pump-probe spectra of the reflectance change taken at differ-
ent pump fluencies. We note that the measurements performed
on other samples from the batch reproduced well the results
shown here. The variance of the measured reflectance change
was within the limits of a few percents. The reflectance primarily
undergoes a negative change near the zero delay time at lower
fluencies, while, at higher fluencies a Fabry-Perot fringe is ob-
served at longer wavelengths. Spectra with similar Fabry-Perrot
fringe features have been observed and explained previously for
thin silicon film samples on a sapphire substrate[24]. Here we
briefly note that the fringe originates from the interference ef-
fects of the probe beam reflected from the sample interfaces. The
reflectance change recovers back to the values close to the back-
ground level within 20 picoseconds. These spectra were used for
a model simulation procedure, which allowed the excited carrier
concentration as a function of time to be retrieved. The details
of the simulation are described in our previous studies[9, 23].
Here we briefly note that the simulation is based on the opti-
cal model obtained with the ellipsometry and the reflectance
measurements of the samples at their ground state, i.e. without
pumping. To account for the excitation induced by the pump,
we added a Drude contribution to the effective dielectric func-
tion, e0e f f , of the top layer of nc-Si:H[8]. The short relaxation
time[9, 23] (short with respect to the characteristic time scale of
all other mechanisms and external perturbations) means that one
can use adiabatic approximation which is dc conductivity with
slowly changing parameters. That is why one can use simple
Drude formula with adiabatically (with respect to other relax-
ation times) changing parameters.Thus, the updated effective
dielectric function is expressed as the following:
ee f f = e
0
e f f −
ω2p
ω2 + iΓω
, (1)
where ω and ωp are the probing and plasma frequencies, respec-
tively, and Γ is the scattering rate. The plasma frequency is given
by
ω2p =
e2Neh
e0m∗me
, (2)
with e, Neh, me and m∗ representing the electron charge, carrier
concentration, free electron mass, and effective mass, respec-
tively. From Eq. 1, we can see that the change induced by the
pump to the dielectric function is related to the changes in ωp
and Γ. Thus, incorporating ee f f , into the optical model, we can
simulate ∆R(λ, t)/R0 spectra (where λ and t are wavelength and
time, respectively) with two fitting variables, i.e., ωp, and Γ. The
fitting procedure yields reasonably good confidence, because
it simultaneously determines only two fitting parameters,ωp,
and Γ, for each wavelength of the probe spectrum. Thus, we
kept ωp, and Γ fixed to solve Equation 1 for each wavelength
with the resolution of the detector to determine the entire of the
pump-probe reflectance. The obtained ωp are used to calculate
the excited carrier concentration Neh from the definition of the
plasma frequency given above. In our calculations, we used
m∗ = 0.17, which has been estimated previously[9]. The simu-
lated pump-probe spectra of ∆R(λ, t)/R0 are shown in Figure
1b, and the corresponding fitting values of Neh(t) and Γ(t) for
the different pumping fluencies are shown in Figure 2. In this
paper, we discuss the time-dependent behaviour of the carrier
population, Neh(t), only, leaving Γ(t) outside of the scope of our
arguments. It can be seen that, as expected, the initial carrier
population at the zero-delay increases as the fluence increases.
However, it is also clear that the population decays faster as the
initial carrier population increases, indicating nonlinearity of
the decay process.
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Fig. 2. (a) Charge carrier concentration, Neh, and (b) the carrier
scattering rate, Γ, as a functions of time obtained for different
pump fluencies, obtained from the simulation of the experi-
mental results shown in Figure 1.
The decay rate equation can be presented as the
following[25]:
− dNeh(t)
dt
= cNeh(t) + bN
2
eh(t) (3)
The first linear term is a Shockley-Read-Hall (SRH) type re-
combination, which is associated with recombination via deep
energy levels[26]. In this process the localized state not only
absorbs energy, but also takes in differences in momentum. This
process can be quite dominant in indirect band-gap semiconduc-
tors. The second, bimolecular quadratic term is associated with
either band-to-band recombination (radiative or non-radiative),
or the trap-assisted Auger ionization[27]. We can discard the
radiative recombination, as no luminescence is detected for the
investigated samples. On the other hand, the non-radiative band-
to-band recombination process in silicon and silicon derivative
materials occurs on much longer time scales than we observed
here. For example, in silicon clusters the fastest rate rate of re-
combination is on microsecond time scale[28]. Therefore, our
interpretation is related to the trap-assisted Auger process only.
In this process, an electron-hole pair recombines, transferring
liberated energy to a neutral impurity that is ionised with a
release of a charge carrier. This carrier can be either a free elec-
tron or a hole. We note that higher terms are possible, but we
found that a second order rate equation sufficies to describe the
observed carrier decay dynamics. The parameters c and b are
the recombination coefficients for the corresponding linear and
quadratic terms, respectively. Unfortunately, these coefficients
are not always easy to derive directly from an experimental de-
cay curve because they might depend on other factors which
change as a function of time, i.e. temperature, carrier diffusion
rate and band-gap energy[29]. To avoid possible complications
we analyzed our data using a method of initial concentrations.
The core of the method involves approximating the tangent
to the concentration-time curve[16]. In our work, we determined
the initial recombination rate, dNehdt , from a linear fit over a time
window of 2 picoseconds (ps) for different initial carrier con-
centrations. The fit is shown in Figure 3 on the top and middle
panels. Then the obtained rates were plotted against the initial
carrier concentration, Neh(0), and the coefficients c and b were re-
trieved from the second order polynomial fit. The polynomial fit
is shown on the bottom panel of Figure 3. The best polynomial fit
provided the values of 1.5×1011 sec−1 and 1.1× 10−10 cm3sec−1
for the coefficients c and b, respectively.
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Fig. 3. Top and middle panels: The open circles represent the
normalised carrier density as a function of time, each plot
corresponds to initial carrier densities, Neh(0), of 1.9, 3.6, 4.9,
6.2, 8.4, 8.8×1019 cm−3, as indicated on the plots. The solid
lines represent linear fits to determine recombination rates at
initial times. Bottom panel: recombination rate as a function
of the initial carrier concentration, Neh(0). The open circles
represent the experimentally determined rates from the data
shown on the top and middle panels. The solid line depicts a
fitting curve.
To test the validity of the approach we plotted the solution of
Equation 3 given as the following:
N(t) =
[( 1
Neh(0)
+
b
c
)
ect − b
c
]−1
(4)
together with the experimental decay curves on Figure 4. Over-
all, the experimental data is reasonably well described by Equa-
tion 4 over the first 10 ps and somewhat overestimate the decay
for the last point of 20 ps, except for the highest initial concen-
tration where agreement with the experiment is much better.
The reason for the discrepancy at longer times is likely due to
experimental error, because at 20 ps the detected signal is rather
weak and the determination of the concentration is prone to the
overestimation.
Letter Optics Letters 4
Although the theoretical calculation of the recombination
coefficients in this material has not yet been reported in the
literature, and we can not compare the obtained experimen-
tal results to theoretical values, we can relate our findings to
those published for similar material for matrix of amorphous
silicon and bulk silicon. The majority of the works agree that,
in amorphous silicon at higher pumping, the decay process is
governed the non-radiative recombination with a quadratic term
dominating the rate equation. These studies report values of
the quadratic term lying in ranges similar to those we obtained
in this work[15, 30, 31]. On the other hand, in bulk crystalline
silicon the three-particle Auger recombination is the main re-
combination process at these carrier concentrations[13, 14, 35],
in the contrast to our findings here. In addition, the coefficient
responsible for the SRH recombination determined in this work
is significantly higher than that for the bulk silicon, and, in fact,
competes with the bimolecular recombination. The likely reason
for a relative high rate of the SRH process is the high density of
defects and corresponding in-gap states occupying the Urbach
tail in the matrix material. Thus, after the excitation, an excited
free carrier might recombine with its counterpart of the oppo-
site polarity transferring the liberated energy to an impurity
and ionising it. On the other hand, a nascent ionised impurity
will capture another free carrier in transition between bands
competing with the band-to band recombination.
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Fig. 4. The open circles represents the experimental nor-
malised carrier density as a function of time. The data repro-
duced from Figure 3. The solid lines represent the calculated
curves.
In summary, we measured the ultrafast time-resolved spec-
troscopic reflectance of the samples of nc-Si:H using the pump-
probe method. The obtained data were simulated with the
aid of an optical model that incorporated the contribution of
the complex Drude optical free-electron response. The simula-
tion revealed a family of time-dependent carrier-density curves.
These experimental findings were fitted against solutions to a
recombination rate equation, and the recombination coefficients
were obtained using the method of initial concentrations. These
coefficients were related to the SRH and two-particle Auger ion-
ization, and we found that the former proceeds much faster than
in bulk crystalline silicon, while the later is of the same order of
magnitude as the decay in amorphous silicon. The information
provided on the recombination dynamics in this paper should
help in the design of electronic and optoelectronic devices. The
knowledge of the recombination coefficients in combinations
with the diffusion coefficients allows to simulate fully the trans-
port property of the material and make a correct decision about
device configuration and expected performance.
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